SUMMARY
The study of the regulation of gene expression in cultured cells, particularly in epithelial cells, has been both hampered and facilitated by the loss of function that accompanies culture on traditional plastic substrata. Initially, investigations of differentiated function were thwarted by the inadequacy of tissue culture methods developed to support growth of mesenchymal cells. However, with the recognition that the unit of function in higher organisms is larger than the cell itself, and that gene expression is dependent upon cell interactions with hormones, substrata and other cells, came the understanding that the epithelial cell phenotype is profoundly influenced by the extra cellular environment. In the last decade research on epithelial cells has centred on culture conditions that recreate the appropriate environment for function with very promising and important results. The investigations into the modulation of phenotype in culture produced not only a better model, Jwt also contributed to a better understanding of the regulation of normal function. Using cultured mammary gland epithelial cells as a primary model of these interactions, our studies of gene expression are based on three premises.
(1) That the extracellular matrix (ECM) on which the cells sit is an extension of the cells and an active participant in the regulation of cellular function; i.e. the ECM is an 'informational' entity in the sense that it receives, imparts and integrates structural and functional signals.
(2) That ECM-induced functional differentiation in the mammary gland is mediated through changes in cell shape, i.e. that the structure is in large part 'the message' required to maintain differentiated gene expression.
(3) That the unit of function includes the cell plus its extracellular matrix; in a larger context, the unit is the organ itself.
These tenets and the data presented below are consistent with a model of 'Dvnamic Reciprocity', where the ECM is postulated to exert an influence on gene expression via transmembrane proteins and cytoskeletal components. In turn, cytoskeletal association with polyribosomes affects mRNA stability and rates of protein synthesis, while its interaction with the nuclear matrix could affect m RN A processing and, possibly, rates of transcription.
THE INFLUENCE OF EXTRACELLULAR MATRIX ON GENE EXPRESSION
One of the major aims of tissue culturists during the early part of this century was to study the regulation of gene expression (Paul, 1970; Davidson, 1964) . However, the challenge of growing pieces of tissues and, later, single cells proved to be allconsuming, and the study of function was generally relegated to a secondary position. In addition, tissue-specific traits were so rapidly altered in culture, and often in such unexpected ways, that it was frequently unclear what one studied. Therefore, the relationship between studies of gene expression in cultured cells and regulation of differentiated function in vivo remained obscure for decades.
Nevertheless, the loss of function in culture itself pointed to the crucial role of the cellular environment in regulation of tissue-specific genes (for review, see M . J. Bissell, 1981) . Since almost all functional changes in primary cultures, and even in some cell lines, are due to phenotypic alteration, differentiated cell behaviour is inextricably connected with the extracellular environment, i.e. media, hormones and the substrata on which the cells are cultured. Indeed the events that accompany the loss of function in culture can be used to advantage in studying regulation of normal function (D. M. Bissell, 1976) . Thus, for studies of regulation of gene expression, the most useful system is one in which function can be modulated by culture conditions so that one can discern the regulatory factors and mechanisms (Bissell, 1981) . Studies of cultured epithelial cells presented a special challenge in this regard since function, and even growth, on traditional (two-dimensional) plastic culture dishes was limited and difficult to regulate.
It has been known for some time that extracellular matrix (ECM ) plays a vital role in tissue organization and in migration of embryonic cells during development (Wessells, 1977; Adamson, 1982) . In the last decade, there has been an increasing appreciation that E C M also plays an important role in regulation of tissue-specific gene expression (for review, see Bissell et al. 1982) , and the mammary gland has provided a versatile model for studying this relationship. Profound morphological changes occur during the natural progression of the gland in vivo as well as when secretory mammary epithelial cells are isolated and placed in culture. Since morphology is an important key to epithelial differentiation in vivo, cytostructure in culture provides an indication of degree of differentiation. The success of culture conditions can also be measured by comparing the patterns of synthesis and secretion of milk proteins against milk composition in vivo. Finally, responsiveness to lactogenic hormones offers a further indication of tissue-specific physiological function in culture.
PROMOTION OF MORPHOLOGICAL DIFFERENTIATION
Following the example of Elsdale & Bard (1972) and Emerman & Pitelka (1977) , we (Emerman et al. 1981; Bissell et al. 1982; Lee et al. 1984 Lee et al. , 1985 Lee et al. , 1987 Parry et al. 1985; Li et al. 1987 ) and others (Shannon & Pitelka, 1981; Haeuptle et al. 1983; Rocha et al. 1985; Wicha, 1984) have shown that several aspects of functional epithelium can be maintained when primary mouse mammary epithelial (PM M E) cells are cultured on 'released' (or 'floating') collagen type I gels or on reconstituted basement membranes (E H S; Engelbreth-Holmes-Swarm tumour matrix; Kleinman et al. 1986 ) instead of plastic or flat gels. Viewed by scanning EM , cells on plastic ( Fig. 1A ) are flat and have few microvilli* while cells on floating collagen gel or E H S (Fig. IB) are rounded and their surfaces are covered with microvilli. Viewed by transmission electron miscroscopy (T EM ), PM M E cells on plastic or flat collagen gels have a high nuclear/cytoplasmic ratio, lack internal polarization and secretory apparatus and have short, stubby microvilli on their apical surfaces (Emerman & Pitelka, 1977) . By contrast, after the gel is released cells become columnar and polar, Fig. 1 . EM of PMME on different substrata: 7-day cultures of PM M E in the presence of lactogenic hormones were fixed and processed for SEM or TEM as described (Li et al. 1987) . A. On plastic, cells are flat and have short microvilli. B. On EHS, cells are rounded and covered with microvilli. C. When observed by transmission EM, the basal surfaces of the cells making up the alveolar structures on EHS are seen to be completely covered by a thin, continuous basal lamina (arrows); numerous small vesicles are found at, or near, the adjacent plasma membrane (arrow7 heads). Bars: A,B, 10 fim ; C, 1 urn. (Bissell & Aggeler, 1987, reproduced with permission.) and contain an extensive network of distended rough endoplasmic reticulum, Golgi apparati, secretory vesicles and fat droplets. A visible and continuous basal lamina separates the epithelium from the gel, cells have tight junctions and they display extensive microvilli on their apical surface that are reminiscent of lactating mammarjr epithelium (Emerman & Pitelka, 1977) . Cells on EHS are also morphologically differentiated and are surrounded by a thin, but continuous, basal lamina, which separates them from the less-dense matrix in which they are embedded (Fig. 1C) .
The E C M has a profound effect not only on an individual cell's cytostructure, but also on the organization of cells in tissue-like forms. As was shown for thyroid cells (Chambord et al. 1981; see Mauchamp et al., this volume) , mammary cell lines and M D C K cells (Hall et al. 1982) form lumina when sandwiched between two layers of collagen gels. Three-dimensional organization of PM M E also change with the type of substrata (Fig. 2) . Cells on plastic, while capable of forming large and small domes ( Fig. 2A) depending on age and culture density, demonstrate low levels of functional and morphological differentiation (Fig. 3A) . Cells on flat gels, while slightly more polar, remain poorly differentiated (not shown), but when the gel is released the cells contract the gel to form a three-dimensional structure that enhances morphological differentiation ( Fig. 2B ) such as the cell-cell contacts that are necessary for a physiological transporting epithelium (Bisbee et al. 1979 ). The most striking approximation of in vivo organization and morphology occurs when P M M E are plated onto a thin layer of EH S. The cells form domes and duct-like structures as seen by phase-contrast microscopy ( Fig. 2C) , and are clearly composed of polar epithelial cells organized around a central lumen (Fig. 1C, 3B ).
EXPRESSION OF FUNCTIONAL DIFFERENTIATION
The dramatic morphological changes observed when mammary cells are seeded onto collagen gels and floated are accompanied by multiple and complex functional changes. Using the two-dimensional pattern of mouse skim-milk proteins as a reference, we analysed the secreted proteins of PM M E cells maintained on plastic, on attached collagen type I gels, or on released gels (Lee et al. 1984) . The pattern of secreted proteins is more complex than that of milk under all three conditions. Furthermore, there are both substratum-and shape-specific changes. The secreted proteins fall into at least four categories: (1) milk proteins, such as transferrin, that, although substratum-sensitive, are present under all conditions. (2) M ilk proteins, such as caseins, that are extremely hormone-, substratum-and shape-dependent. (3) Proteins that are not detected in skim milk but are present in culture medium. Some of these are related to milk fat globule proteins, which are routinely removed from milk and thus are not present in the skim-milk profile; others are unknown proteins that are not present in either milk or in medium from freshly isolated cells and are thus either suppressed in vivo or induced in culture. (4) Milk proteins, such as whey acidic protein (WAP) and ar-lactalbumin, that are essentially absent even in medium from released gel cultures (Lee et al. 1984) . Thus, while the substratum profoundly influences the secretion of the hormonally sensitive caseins, regulation of milk proteins is not coordinated and requires lactogenic hormones, proper ECM and other undetermined factors for full expression.
To determine whether proteins were synthesized but retained intracellularly, we immunoprecipitated cellular proteins with a broad spectrum polyclonal antibody to skim-milk proteins. These experiments showed that secretion was a reasonably good measure of protein synthetic rate ( Fig. 4 ; Lee et al. 1985) . The exception was the ¡3-casein pool in cells on plastic (and flat gels) where an intracellular pool existed in the absence of secretion (Fig. 4) . Pulse-chase experiments clearly indicated that the Fig. 2 . Morphology of PMME on various substrata. Phase-contrast of 6-dav cultures of PAIME on: A, plastic; B, floating collagen gel (part of plane is out of focus because of gel thickness); C, EIIS. Although domes (small arrowheads) are present on plastic and collagen gel, PMME on EHS also form striking alveolar-like structures (large arrow heads). $ m B Fig. 3 . Morphology of PMME on plastic and EHS substrata. PMME from 8-dav cultures incubated in the presence of lactogenic hormones were fixed, embedded in Epon, and thick sections were cut. A. Flattened cells on plastic. B. Alveolar lumina formed by cells cultured on EHS matrix. (Bissel & Aggeler, 1987, reproduced with permission.) intracellular pool of /3-casein in cells on plastic was rapidly degraded (Lee et a l. 1985) , suggesting that the changes in cell shape and possiblv establishment of cell-cell junctions that accompany culture on floating gels may be essential to [3-casein secretion.
During pregnancy the mammary epithelium has paracellular pathways that enable the vascular network and gland lumen to be in communication. Shortly after parturition, however, the epithelium forms tight junctions that seal the lumen from extracellular spaces in order to facilitate transport of isotonic fluid and enhance vectorial segregation of milk proteins (Neville, 1987) . The tight junctions observed between cells on released gels suggest that a polar, functional epithelium is being created. Studies on the electrophysiological and ion-transport characteristics of P M M E cells (Bisbee et a l. 1979 ) and polar secretion of milk proteins (Neville, 1987) support this conclusion. Cells on EHS also demonstrate tight junctions and are further organized into polarized lumina (Fig. 3) . We have determined that this morphology is accompanied by vectorial secretion of milk proteins by comparing the protein composition of the external medium with that obtained from the EDTA-treated lumina (Pig. 5; Barcellos-Hoff et a l. 1987) . A comparison of the immunoprecipitated protein patterns from the medium with that from the 'lumina' of cells grown on EH S indicates that a great proportion of milk proteins is secreted into the lumen by cells on EHS (Pig. 5). The presence of milk proteins in the medium of EH S cultures may be a function of the extent of the areas of monolayer growth.
In experiments reported recently (Li et a l. 1987 ), a high percentage (> 9 0 % ) of PM M E cells grown on EllS-coated plates expressed high levels of /3-casein as detected with immunofluorescence, while 30-40% of cells on released gels and only 2-10% of cells on plastic produced /3-casein. Since only 40% of cells from latepregnant gland were producing ¡5-casein before culture in this experiment, the EHS matrix appears to both 'induce' and maintain an increased level of casein gene expression. Effects of substratum and shape on milk protein expression are not restricted to translational and post-translational events, but also involve transcription and post-transcriptional regulation, as evidenced by /3-casein and transferrin m RN A accumulation that reflects protein secretion patterns (Lee et a l. 1985 ; Chen et a l. 1986; Li et a l. 1987) . Since cD N A probes to many milk proteins are available, it is possible to study the regulation of milk protein m R N A as a function of substratum and shape. The immunofluorescence data cited above were accompanied by an 18 fold increase in ¡3-casein m R N A over that of cells on plastic. A film of EHS coated on top of a flat gel increased ¡3-casein m R N A further (22-fold plastic), while releasing the EHS-coated gel from the culture dish produced a remarkable increase of 70-fold more message than that detected from cells on plastic.
D ays in culture
That the E C M can also modulate (3-casein gene expression in consecutive passages of COM M A-ID , a cell strain derived from pregnant mouse gland, further demonstrates the reversibility and inducibilitv of ECM effects (Medina et a l. 1987 ).
The reconstituted EHS-derived basement membrane is composed of laminin, type IV collagen, heparan sulphate proteoglycan (H SPG) and entactin (Kleinman et a l. 1986 ). Individual components of basement membranes are not nearly as effective as E H S, suggesting that a complex matrix is needed for producing increased expression of mammary-specific function. This appears to be true also for hepatocytes (D. M . Bissell et a l. 1987) . Of the individual components of basement membranes tested, collagen type IV and fibronectin appear to have no effect on morphology or casein gene expression in PM M E cells under the conditions tested, while laminin and H S P G increase /3-casein m R N A from 3-to 10-fold, respectively (Li e ta l. 1987) . However, there is little or no concomitant increase in secreted ¡3-casein from cells grown on H S P G even though other proteins are secreted at levels comparable to cells on other substrata. Cells on H SP G appear extremely flat and irregular when viewed by scanning EM (L i et al. 1987) . It is thus possible that intracellular degradation is occurring as in cells on plastic, although other possibilities such as HSPG-induced toxicity leading to induced caseinolytic activity have not been ruled out.
AUGMENTATION OF HORMONAL RESPONSIVENESS
Maintenance and differentiation of mammary gland depend upon the presence of one or more of the lactogenic hormones, insulin, hydrocortisone and prolactin (Topper e ta l. 1986). Studies in mouse, rat and rabbit mammary gland cultures (Rosen et al. 1986; Lee et al. 1985; Houdebine et al. 1983; Haueptle et al. 1983) show that prolactin is essential for casein protein and m R N A expression. Our studies indicate that cells on all substrata retain the capability of responding to prolactin, but that the magnitude of response increases in cells on flat collagen gels in comparison to cells on plastic, and is even greater on released collagen gels (Lee et al. 1985) or EHS (unpublished data). Thus, the E C M enhances the ability of cells to respond to hormones. Conversely, the absence of prolactin unilaterally suppresses ¡3-casein expression even in the somewhat morphologically differentiated cells on EH S (Bissell & Aggeler, 1987) .
Not all milk proteins are sensitive to prolactin, however. On plastic, transferrin is synthesized and secreted in the absence of prolactin (L eeet al. 1987 ). Since there is a tremendous increase in transferrin protein level in the pregnant mouse (Lee et al. 1987 ) factors other than prolactin must therefore regulate its level. In culture, ECM rather than prolactin appear to be the over-riding influence on transferrin m RN A levels ( Fig. 6; Bissell & Hall, 1987; Chen & Bissell, 1987) . Since the composition of the m RN As for ECM components is altered when the animal becomes pregnant (Park & Bissell, 1986 ; also see below), it is possible that the nature and the composition of the E C M determines transferrin levels in vivo as well as in culture.
RECIPROCAL EFFECTS ON ECM DEPOSITION
The basement membrane of mammary gland changes as a function of hormonal state during the reproductive cycle and its composition may represent an important determinant of function (Warburton et al. 1982b ). Many studies have described production of basement membrane components by mammary cells in culture (Martinez-Hernandez et al. 1976; Warburton et al. 1981 Warburton et al. , 1982a Warburton et al. , 1984 . Studies with mammary and other cell types have shown that exogenous ECM can modulate the level and the composition of the cell-synthesized ECM (Emerman & Pitelka, 1977 ; Parry e ta l. 1982 Kato & Gospodarowicz, 1985) . Our preliminary data indicate that the composition of m R N A for E CM components changes as a function of the reproductive cycle in vivo and the substrata in culture (Park & Bissell, 1986) .
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3-casein Fig. 6 . Northern blot of fi-casein and transferrin (Tf) mRNA. Lanes: 1, lactatinggland; 2, PM M E cells grown on plastic (6-day culture); 3, PMME cells on El IS (6-dav culture); 4, PM M E cells on floating collagen gel (6-day culture). Upper arrow indicates transferrin m R N A and lower arrow indicates /3-casein (Chen & Bissell, 1987) . RNA was extracted and run on nitrocellulose as described (Maniatis el al. 1982 ).
Significant modulations occur as a function of the reproductive cycle and culture substrata for types I, I I I and IV collagens, laminin and fibronectin (Park & Bissell, 1986) . While these data are preliminary, the effects of substrata (i.e. plastic versus E H S) and cell shape (i.e. flat versus released collagen gel, plastic versus EHS) on mammary gland function may be modulated by stimulating the production of mammary basement membrane components deposited by cells on released gels and on E H S . 'Phis interaction would fulfil one aspect of the 'dynamic reciprocity' model outlined below (Bissell et a l. 1982 ).
IS STRUCTURE THE MESSAGE?
How does the interaction of the cell and the ECM instigate and/or promote differentiated function in cultured epithelial cells? In the studies cited above we have shown that substrata affect both morphology and function in the mammary gland and that the attainment of functional epithelium in culture is accompanied by cell shape changes and the deposition of basement membrane components.
Over five years ago we presented a model that described the minimum required unit for tissue-specific functions as the cell plus its ECM ( Fig. 7; Bissell et a l. 1982) . Our hypothesis was that the influence of the ECM is communicated through the organization of the cytoskeleton (itself with connections to the nuclear matrix), possibly mediated by cell shape changes, which results in regulation of gene expression at all levels: transcription, m R N A processing, translation, post-trans lational modifications, secretion and extracellular organization. The concept that shape p e r se regulates function is difficult to translate into mechanism; what is needed is a translation of 'shape' into an alphabet of molecules and discrete steps. We are only now beginning to understand and unravel this language. On the basis of the evidence we have presented in this chapter, it is clear that functional integrity (production of milk proteins, and appropriate response to physiological hormones) in culture requires morphological differentiation, which in turn is dependent upon E C M . These results and that of recent published work (Reid et al. 1986; Clayton el al. 1985« ) could be used to argue that the correct structure of the tissue is crucial for functional integrity.
Evidence now indicates that there is a connection between transcribed genes and the nuclear matrix (Cook et al. 1982; Fey et al. 1986 ), between transcription of tissue-specific genes and mature tissue structure (Clayton et al. 1985«) , and between m R N A and the cytoskeletal structures (for a brief review, see Nielsen et al. 1983 ). In many cell types, 70-80 % of the polv(A)+ m RN A is found in the cytoskeletal fraction (Lenkf/ al. 1977; van Venrooij et al. 1981; Jeffrey, 1982) . The association of m RN A with the cytoskeleton is also indirectly suggested by the finding that m R N A in oocytes and embryos and in single cells is not uniformly distributed (Ernst et al. 1980; Fulton et al. 1980; Capco & Jackie, 1982; Jeffrey, 1982; Lawrence & Singer, 1986) . Our preliminary results indicate that more than 90% of [3-casein and transferrin m R N A are associated with the Triton-extracted cytoskeleton of mouse mammary epithelial cells (L. H. Chen & M. J. Bissell, unpublished) . Furthermore, it has been known for a number of years that colchicine and other microtubuledisrupting drugs inhibit milk protein synthensis and secretion as well as m RN A levels for ¡3-casein (Ollivier-Bousquet, 1979; Nickerson et al. 1980; Floudebine & Djiane, 1980) .
Our hypothesis is that changes of m R N A levels as a function of substrata (and hence cell shape) are due to increases in m R N A half-life occurring both in the nucleus as the result of cytoskeleton-nuclear matrix interactions, and in the cytoplasm as the result of polysome-cvtoskeleton interactions (Nielsen et al. 1983 ; see also Bissell & Hall, 1987) . Post-transcriptional regulation of tissue-specific genes has recently been demonstrated in several systems (Carneiro & Schibler, 1984; Jefferson et al. 1984; Clayton et al. 19856; Reide/ al. 1986; Fujitaei al. 1987 ). The hypothesis that E C M could act post-transcriptionallv by stabilizing the alreadytranscribed tissue-specific m R N A does not preclude the possibility that it may also act at the transcriptional level. Indeed, nuclear structure itself may be important for specific patterns of transcription, perhaps through enhancing the interaction between specific genes and transcription-promoting regions (Clayton et al. 1985«) . This is only to emphasize that one aspect of basement membrane function is its ability to alter cell shape via interaction with transmembrane receptors, resulting in changes in m R N A levels by altering either its association with the cytoskeleton or its processing in the nucleus. This is evidence that cytoskeletal mRNAs themselves change as a function of shape (Farmer et al. 1983; Ben Ze'ev, 1984 ; see Ben Ze'ev, this volume). There is additional evidence, some of which has been reviewed (Nielsen et al. 1983) , that the cytoskeleton is involved in protein synthesis. Equally intriguing, however, are findings to support the notion that cytoskeletal proteins may be involved in nuclear regulation of m R N A processing (Muller et al. 1983) . Recent findings have shown that the nuclear lamins, which comprise the nuclear envelope, are members of the intermediate-filament protein gene family (McKeon et al. 1986; Aebi et al. 1986 ), suggesting that cytoskeletal structures may indeed have a close relationship to both the nuclear envelope and nuclear pores. Other reports have substantiated the association of hnR N A with the nuclear matrix (Fey et al. 1986 ). Thus, although we still have a long way to go before we can delineate which cytoskeletal structure is associated with which m R N A , how cytoskeletal components participate in m RN A processing, and in what manner the ECM affects these processes, the model of dynamic reciprocity has gained credence from various experimental studies in the last five years. A scheme representing the type of interactions necessary to promote function in culture is outlined in Fig. 8 (Aggeler et al. 1987) .
We have previously proposed that the minimum unit of function is the cell plus its E C M (Bissell et al. 1982) . This is particularly true in culture where the outcome of these investigations has been the realization that expression of differentiated function is the result of epigenetic regulation by hormones and ECM. Mature tissue structure, however, entails additional levels of organization: subpopulations within tissues; cell-cell and epithelium-mesenchyme interaction; microregions consisting of differ ent ECM s or vascularity; flux in hormones, nutrients, autocrine factors and oxygenation. A reciprocal and dynamic interaction exists not only between the ECM and the cell but also between stroma and epithelium, as is well documented for the mammary gland (Kratochwil, 1969; Sakakuraei a l. 1976 Sakakuraei a l. , 1982 Chiquet-Ehrismann et a l. 1986 ). In the last analysis, a unit of function is the three-dimensional tissue itself. While this complexity is at present difficult to study in cultured cell models, nonetheless its importance should be borne in mind when cells in culture fail to attain the completeness of function and the exquisite regulation observed in vivo. The final goal of the tissue-culturists should indeed be the tissue itself. Suppl. 8, [293] [294] [295] [296] [297] [298] [299] [300] [301] [302] [303] [304] [305] [306] [307] [308] [309] [310] [311] [312] B is b e e , C . A., M a c h e n , T. E. & Be r n , H. A. (1979) . Mouse mammarv epithelial cells on floating collagen gels: transepithelial ion transport and effects of prolactin. Proc. natn. Acad. Sei. U.S.A. 76, E. H. (1964 F a r m e r , S. R., W a n , K. M ., B e n -Ze 'e v , A. & Pe n m a n , S. (1983) . Regulation of actin mRNA levels and translation responds to changes in cell configuration. Molec. Cell Biol. 3, [182] [183] [184] [185] [186] [187] [188] [189] . F u jit a , M ., S p r a y , D. C., Choi, H ., S a e z , J. C., W a t a n a b e , T., R o s e n b e r g , L. C., H e r t z b e r g , E. L. & Reid, L. M. (1987) . Glyeosaminoglycans and proteoglycans induce gap junction expression and restore transcription of tissue-specific mRNAs in primary liver culture.
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